Abstract: Tactile vision substitution devices present visual images as tactile representations on the skin. In this study we have tested the performance of a prototype 96-tactor vibrotactile using a subset of 64 tactors. We have determined the tactile spatial acuity and intensity discrimination in 14 na€ ıve subjects. Spatial acuity was determined using a grating acuity task. Subjects could successfully identify the orientation of horizontal and vertical gratings with an average psychophysical threshold of 120 mm. When diagonal gratings were included in the analysis, the median performance dropped below psychophysical threshold, but was still significantly above chance at gratings of 142 mm wide. Intensity discrimination yielded an average Weber fraction of 0.44, corresponding to 13 discernable "gray levels" in the available dynamic range. Interleaved stimulation of the motors did not significantly affect spatial acuity or intensity discrimination.
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Sensory substitution devices (SSDs) redirect information from one sense to another and are applied as low-vision aids by redirecting visual information to the auditory or tactile sense. SSDs complement the vision restorative approaches, including the retinal prostheses (1) (2) (3) . While SSDs can never restore vision, they do have advantages over the prosthetic devices, including their lower cost, their noninvasiveness and independence of functional visual areas in the nervous system.
There are multiple ways of delivering stimuli to replace visual stimuli. One of these is vibrotactile stimulation. We have devised a prototype vibrotactile display designed to fit on the lower back. It can be discreetly worn underneath normal clothing and it does not interfere with tasks of daily living. We have chosen coin motors as actuators, because we have previously shown that this type of motor can generate up to 16 discernable intensity levels in its dynamic range (4) . This is a relatively high number and favors the possibility to use intensity coding to represent contrasts in the tactile image. The technology for delivering the stimulus is not within the scope of the article and we suffice by providing a short description of coin motors. Coin motors are eccentric rotating mass (ERM) motors. ERM motors in general are inexpensive and easily implemented in electronic circuits, as they only require a low-voltage, direct-current source. A potential drawback of ERM motors is that increasing their vibration intensity through voltage modulation also increases the vibration frequency. Despite this characteristic, the perceived intensity increases predictably and monotonically with stimulus amplitude (4) and we conclude that the variable frequency does not impede intensity coding.
Our prototype tactile display has a rectangular shape with 8 (h) 3 12 (w) motors. The motors vibrate in a plane parallel to the skin. We have previously determined that the average two-point discrimination (TPD) threshold on the lower back is 28 mm (5) . We applied an inter-motor distance of 14 mm, because 3 of the 8 subjects in that study had TPD thresholds approximating that distance. By placing the motors 14 mm apart the best performers can, theoretically, discern two adjacent motors at threshold level in the tactile display.
The objective in the current study was to psychophysically evaluate the performance of a 96-tactor prototype vibrotactile display in terms of spatial resolution and its ability to convey intensity differences. To this end, we have determined the spatial acuity and spatial contrast sensitivity using three different stimulation strategies. In the control condition, we used a strategy where all tactors were continuously active. In the other two strategies we interleaved the motor stimuli, such that each tactor was 100 ms ON and 100 ms OFF (denoted here as 100/00), or 100 ms ON and 200 ms OFF (100/200). Interleaving was expected to reduce channel-channel interactions by decreasing the spatial summation of stimuli and thereby improve spatial acuity. It results in cyclic acceleration and deceleration phases, as the motors have finite start and stop times. This periodicity in vibration intensity was expected to complicate spatial contrast sensitivity when interleaved stimuli are used.
SUBJECTS AND METHODS

Study subjects
This study was approved by the ethical committee of the Australian National University (ANU). Fourteen healthy subjects were recruited from the NICTA institute and the ANU in Canberra, Australia (4 females, 10 males with a mean age of 30 years [range: 22-44]). From each subject a signed informed consent form was obtained. All subjects were na€ ıve to the tasks. Nine subjects had, however, participated previously in related experiments with single-motor, or paired motor stimulations (e.g., Ref. 4) . After the first 5 subjects were tested, the intensity discrimination task was adapted, and the first 5 subjects were excluded from this analysis, leaving nine subjects in this group (i.e., subjects [6] [7] [8] [9] [10] [11] [12] [13] [14] . The last five subjects were not tested on spatial acuity, leaving only nine subjects for this task as well (i.e., subjects 1-9).
Experimental device and setup
The prototype tactile display consisted of 96 vibration motors. The motors were 12 mm in diameter (type 312-101; Precision Microdrives, London, UK) and were mounted on medical-grade urethane (Poron medical; Grogan Group, Silverwater, NSW, Australia) using acrylic glue (Pattex No More Nails Chrono; Henkel, Boulogne-Billancourt, France) such that the flat top side faced the skin. The motors were arranged in a rectangular fashion with 8 rows of 12 motors designed to fit on the lower back. The inter-motor distance was 26 mm centerto-center (14 mm edge-to-edge). Between the two central columns, an additional spacing of 16 mm was added to accommodate the spinal recess (Fig. 1) . The mat was fitted to the lower back using self-adhesive elastic bandage (3M Nexcare Athletic wrap, St. Paul, MN, USA or equivalent). A thin, stretchable medical-grade film (BSN Medical GmbH, Fixomull, Hamburg, Germany) was applied between the motors and the skin for hygienic purposes. Thin plastic films have little effect on vibrotactile spatial acuity, although they may slightly elevate detection thresholds (6) .
The motor controllers were integrated on a custom-designed circuit board. Stimulus patterns were generated on a laptop and sent via USB to a microcontroller (Atmel ATMEGA 32U4, Atmel Corporation, San Jose, CA, USA). The microcontroller connected to a complex programmable logic device (CPLD) via 9 digital IO pins, forming a 9 bit parallel bus that allowed the transfer of data from the microcontroller to the CPLD, but not in reverse. Stimulus intensity and position were written sequentially to the 8 least significant bits, while the remaining bit identified the data as an intensity or position setting. Stimulus timing was handled by the microcontroller firmware.
Each PWM drive signal modulated vibration intensity via a dedicated amplifier circuit connected to each vibration motor using individual pins. PWM is expressed in this report as a percentage duty cycle, where 100% dc corresponded to a nominal drive voltage equivalent of 5V. The PWM varied linearly with the nominal voltage of the motor.
Stimulus pattern generation as well as stimulus timing was controlled using a MATLAB 2013a programming environment (The Mathworks, Inc., Natick, MA, USA) with Psychophysics Toolbox-3 (PTB-3) extensions (7) running on an 1.8 GHz, quad-core HP notebook (Palo Alto, CA, USA) with a Windows 8.1 operating system (Microsoft Corporation, Redmond, WA, USA). Subjects were seated in front of a computer monitor. Visual cues presented on a computer screen notified the subject when a tactile stimulus was being presented, when a response was required, and when a test run was finished. Subject responses were recorded with a USB numeric keypad. The subjects were not trained and were not provided with any feedback during testing.
Motor stimulation
We tested three modes of motor stimulation, namely continuous stimulation and two interleaving strategies. During interleaved stimulation, a motor was stimulated for 100 ms, and was then off for 100 or 200 ms (denoted as 100/100 or 100/200, respectively) (Fig. 2) . When interleaving, the motors horizontally and vertically adjacent to any activated motor were not stimulated. The adjacent motors in the diagonals were stimulated simultaneously. The motivation for the interleaving paradigm was that we previously found a significant improvement in the TPD threshold when a stimulus-onset asynchrony (SOA) of 200 ms was introduced (5).
The array was divided into four quadrants, each with 24 motors. The quadrants' pin numbering was mirrored across the vertical axis ( Fig. 1) . In effect, an update of the stimulus pattern resulted in four consecutive waves, due to the serial refreshing of the motors according to their assigned number in the array and the quadrant-based layout of the mat (Fig. 1) serial place-specific stimulation of motors, and hence we used numerical motor assignments instead. For two adjacent motors (e.g., motors 0 and 1), the delay was 0.32 ms (<1% of stimulus time) in the x-direction. In the y-direction, the motor-number difference was generally 6, equaling 1.9 ms (<2% of the stimulus time). At the borders of two adjacent quadrants the delay was larger (up to 22 ms), because of the rotated layout of the quadrants (Fig. 1) .
Vibration peak amplitudes were lower when interleaving at a given voltage than when continuously stimulating ( Fig. 3) , because motors were still accelerating after 100 ms at the end of the PWM-pulse. Stimulus amplitudes were characterized using a triaxial accelerometer (ADXL335, Analog Devices, Norwood, MA, USA) using a 100 g load, to match the peak-amplitude of vibrations of the interleaved stimuli to continuous stimulation (Fig. 4 ).
Psychophysics
Subject instruction and reduction of acoustic cues
Subjects only received verbal instructions including a few visualized sample stimuli as reproduced in Figs. 5 and 6. Pink noise was played over headphones (HD 439; Sennheiser Electronic GmbH & Co. KG, Wedemark, Germany) and the level FIG. 3 . Accelerometer recordings of single-motor activations during continuous stimulation, and when interleaving (100/100, or 100/200). Stimulation level was 39% dc . Note the lower amplitude when interleaving, because motors were not fully accelerated after 100 ms of stimulation. To balance the stimuli in the grating-acuity task, peak vibration-amplitudes were amplitudematched to continuous stimulation and 39% dc . The motor load was a platform of 100 g.
FIG. 4.
Calibration curves of peak amplitudes for the grating tactile-acuity experiment. Peak amplitudes during interleaving were amplitude-matched to the peak amplitude at continuous stimulation at 39% dc (dashed line). Adjusted PWM voltages were 54% dc at 100/100, and 66% dc at 100/200. adjusted such that the subjects could not, or barely perceive the acoustic noise produced by stimulation of all 64 motors simultaneously at the reference level of 39% dc (equivalent 2 V). Sound levels were characterized by approximate intensity measures using an Android application (SPL Meter S-01, Keuwlsoft, London, UK) on a smartphone (Sony XperiaTM E3, Tokyo, Japan). The approximate mean sound level across participants was 55 dBA (range: 50-60 dBA).
Detection threshold
To obtain an indicative value of the vibration detection threshold, an adaptive staircase procedure was used where subjects had to answer whether a stimulus was perceived or not (a "yes/ no" task). Motors were stimulated for 1 s during continuous stimulation, or when interleaving. A visual stimulus notified the subject that a stimulus was being presented. In each trial, a single random motor was stimulated. The staircase method was described in more detail previously (4).
Tactile acuity
Tactile acuity was determined with a fouralternative forced choice (4AFC) grating task where subjects had to determine the orientation of the stimulus (horizontal, vertical or one of two diagonals). Tactile acuity was defined as the threshold where subjects could identify the target grating orientation in 62.5% of the cases. Sample stimuli are shown in Fig. 5 . Grating visual acuity tests (e.g., the BaGA test (8)), are standard procedures in the vision sciences to assess acuity. Gratings with bar widths of 1, 2, 3, and 4 motors were constructed for each orientation. Bar widths were expressed in cycle widths (one ON and one OFF bar combined).
The cycle widths were thus 2, 4, 6, and 8 motors, corresponding to 52, 104, 156, and 208 mm, respectively, measured from center-to-center. The additional 16-mm distance between the two middle columns was disregarded in the acuity measurements. Note that when a diagonal grating was presented with a single ON bar (white motors in Fig. 5D ), the OFF bars (black motors) were 2 motors wide to prevent ambiguous stimuli (cf. Fig.  2 , shown for interleaved stimulation 100/100). Technically this would be a cycle width of 3 motors wide. Since the ON motors (white) were 1 motor wide, however, these stimuli were treated as having a cycle width of 2 motors.
Gratings were always presented at maximal contrast, that is, motors were either ON at a fixed level well above threshold, or they were completely OFF. Interleaved stimulus amplitudes were peakamplitude corrected. When motors were continuously stimulated, the stimulus level was 39% dc (equivalent to 2 V). When interleaving at 100/100, the stimulus level was 54% dc (2.7 V), and at 100/ 200 it was 66% dc (3.3 V). Each condition (continuous; interleaved 100/100; interleaved 100/200) was tested in a separate run.
Each of the 4 grating stimuli (horizontal, vertical, upper left, upper right) was tested at all of the 4 bar widths (1, 2, 3, or 4 motors wide). Each grating was presented in two variants that were black/white inverted and each stimulus was presented twice in a run, adding up to 4 3 4 3 2 3 2 5 64 trials per run. The stimulus sequence was randomized. A stimulus was up for 10 s after which the subject could key in their response. Because only four cycle widths were tested, the tactile acuity threshold could not be determined by fitting a nonlinear psychometric FIG. 6 . Sample stimulus in the 4AFC JND task. The quadrant with higher-than-background vibration intensity was the target to be identified by the subject. Motors stimulated at higher stimulus levels accelerate faster and may reach threshold detection level earlier.
To minimize this temporal cue, all motors were initially stimulated at the reference level, which was well above threshold (gray motors). After one second, the target quadrant was stimulated at a higher intensity (white motors) for three seconds, after which the quadrant was stimulated at the reference level once again. A temporal cue remained, but was detectable only by using the vibration intensity cue, which is the basis of the JND task.
curve. Instead, we estimated the threshold by linearly interpolating or extrapolating between two cycle widths to the threshold criterion of 62.5% correct.
Spatial contrast sensitivity
Contrast sensitivity was determined in a 4AFC task, where the subject had to localize a square on a background of lower stimulus intensity. The outcome measure was the just-noticeable difference (JND), defined as that intensity difference where subjects could identify the target square in 62.5% of the cases. JNDs were expressed as Weber fractions, that is, the JND divided by the reference background stimulus intensity. To minimize the effects of stimulus onset and offset, the background came up a second before the stimulus and stayed up for one second after target removal (Fig. 6 ). Interleaved stimulus levels were again amplitudematched cycles relative to continuous stimulation at 39% dc , as described above.
The available dynamic range was divided into 8 discrete intensity differences on a logarithmic scale, which were each tested 8 times, adding up to 64 trials per run. The dynamic range was restricted by the background stimulation level and the maximum voltage level that was capped by hardware limitations. With 64 motors active (no interleaving), the maximal stimulus level was 60% dc due restrictions imposed by the electronics. Intensity differences and target location were randomized.
Spatial contrast sensitivity was obtained by fitting a Weibull function on a semi-logarithmic axis using MATLAB R2015b. In two isolated cases there were outliers in the data and a robust fit was used.
Statistics
Effects of interleaving were tested in a repeated measures design, where subjects served as their own control (no interleaving). Nonparametric tests were used where appropriate, for example in case the outcome measure was a percent correct rate that assumed discrete intervals. Parametric tests were performed when the data were continuous and normally distributed. Statistical analyses were performed using GraphPad Prism 6.07 (GraphPad Software, La Jolla, CA, USA).
RESULTS
Detection threshold
The average detection threshold (6SD) was 0.14 6 0.05 m/s 2 at continuous stimulation; 0.080 6 0.06 m/s 2 when interleaving at 100/100; and 0.18 6 0.06 m/s 2 at 100/200 (Fig. 7) . The stimulus levels used for the spatial acuity and contrast sensitivity tasks were well above these threshold levels.
The detection thresholds depended significantly on the mode of stimulation, that is, continuous, interleaved at 100/100, or interleaved at 100/200 (RM ANOVA, (F(2,13) 5 19.7, P < 0.0001). A Tukey's post hoc multiple comparisons test showed that each of the stimulation modes differed significantly from the other two (P < 0.05).
Tactile acuity
Correct rates obtained in the grating acuity task when interleaving at 100/100 are shown in Fig.  8 for the four individual cycle widths tested. The expected guess rate in a 4AFC task (25%) and the threshold criterion (62.5% correct rate) are indicated with dotted lines. Analyses were performed nonparametrically, because the percent-correct rates were discretely distributed between 0% and 100% correct rates in steps of 12.5% as a consequence of the restricted number of trials per cycle width tested (i.e., 8 trials). Figure 8A shows that most of the subjects performed above chance, but below threshold. There was a significant effect of cycle width on performance (nonparametric Friedman test, v 2 5 14.9, n 5 9, P < 0.01). Median performance did not reach threshold at any cycle width, but was significantly above chance at cycle widths of 142 and 194 mm (Wilcoxon signed rank tests, Bonferroni corrected a 5 0.05/3 5 0.017).
FIG. 7.
Detection thresholds in 14 subjects differed between the three stimulation modes (RM ANOVA, (F(2,13) 5 19.7, P < 0.0001 and Tukey's post hoc test). *: P < 0.05; **: P < 0.01; ****: P < 0.0001; C: continuous stimulation; 100/100 and 100/ 200: interleaved strategies 100 ms ON, 100 ms OFF; 100 ms ON, 200 ms OFF.
In Fig. 8B the performance on the horizontal and vertical gratings are shown, excluding the diagonal orientations. There was again an overall effect of cycle width (v 2 5 15.6, n 5 9, P < 0.001). At cycle widths of 142 mm and wider, the median performance was above threshold and significantly above chance. At the smallest cycle width of 52 mm median performance was at chance level (Wilcoxon signed rank tests, a 5 0.017).
The median performance on the diagonal gratings (Fig. 8C) did not depend on cycle width (v 2 5 3.8, P 5 0.29) and was not different from chance level at any of the cycle widths (Wilcoxon signed rank tests, a 5 0.017).
Tactile acuities obtained during continuous stimulation, and when interleaving at 100/100 and 100/ 200 are shown in Fig. 9 . The data include only the horizontal and vertical gratings; the trials with diagonal orientations were excluded from the analysis. Median tactile acuity was 130 mm when motors were continuously active; it was 90 mm when interleaving at 100/100, and 140 mm at 100/200. Median acuities were not significantly different (Friedman test, v 2 5 3.9, P 5 0.16) and a tactile acuity of 120 mm, averaged across the three modes of stimulation, is reported here.
Spatial contrast sensitivity
Contrast sensitivities were expressed as Weber fractions (Fig. 10) . The average Weber fractions varied slightly between stimulation modes; 0.43 when motors were continuously active; 0.49 when interleaving at 100/100, and 0.39 at 100/200. A repeated measures ANOVA showed an overall effect of stimulation mode (F(2,8) 5 6.2, P < 0.05), but Dunnett's post hoc multiple comparisons showed no significant effect of interleaving when comparing the two interleaved conditions with continuous activation (P > 0.05). Therefore, we report a Weber fraction of 0.44, averaged across the three conditions.
DISCUSSION AND CONCLUSIONS
Interleaving does not affect tactile acuity and JND
In this study we investigated tactile grating acuity and intensity discrimination in a prototype vibrotactile display using continuous motor stimulation and two interleaving strategies. We expected interleaving to improve the tactile acuity at the expense of the intensity-JND. The median tactile grating acuity varied between 90 and 160 mm cycle width across the three stimulation modes, but these differences were insignificant. Likewise, Weber fractions varied from 0.4 to 0.5 between stimulation modes, but the differences were insignificant. The lack of effect of interleaving on spatial acuity may be due to the temporal characteristics of the motors. Even when interleaving at 100/200, the motors did not come to a complete stop during the 200 ms of null-stimulation, because of the relatively slow deceleration. To enhance the effects of interleaving, active deceleration could be implemented by reversing the voltage polarity across the motor during braking. The lack of effect of interleaving on the JND may be explained by the possibility that the peak amplitude and perhaps the associated peak vibration frequency of the stimulus are the most important cues in perceived intensity, and both these parameters were corrected for by adjusting voltage when interleaving. In a previous study we showed that the detection threshold is determined by the peak intensity, and not by the temporal characteristics of the stimulus (4). The same might hold true for the JND.
Grating tasks and the oblique effect
The grating acuities reported here are based on trials with horizontal and vertical gratings. The diagonal stimuli yielded performance at chance regardless of the cycle width. This poor performance on diagonal gratings is known from the visual sciences as the "oblique effect" (9) and it has also been observed in the haptic (10,11) and vibrotactile domain (12) . Performance on oblique stimuli in visual (12) , haptic (13) and vibrotactile (12) tasks have been shown to improve after training. In general, training is an essential component in rehabilitation with sensory substitution devices (14, 15) . Our subjects were all na€ ıve to the tasks and they did not receive any training. Previous experiments have shown significant training effects in a vibrotactile acuity task using the same motors (16) and we expect that the performance on the grating task with our prototype vibrotactile display may improve likewise. We deliberately did not train our subjects because of the relatively small number of possible grating stimuli that can be generated with an 8 by 8 display. Training subjects with such a limited, closed set of stimuli may result in subjects performing the task based on feature extraction, rather than orientation recognition of the gratings.
Tactile acuity and intensity discrimination using simple and complex stimuli
In our previous study where we used identical motors as in the current report (5), we found average TPD thresholds of 28-52 mm on average. In the current study, using more complex grating stimuli, we report substantially higher values of 104 -156 mm that are roughly 3 times worse than our previously reported TPD thresholds. In TPD tests, only two tactors are stimulated and we expect that the use of an 8 3 8 display increases the spatial interactions between channels. Indeed, tactile pattern discrimination tasks increase in difficulty when more complex stimuli are used, thereby increasing cognitive load (17) .
In the spatial contrast sensitivity task we found an average Weber fraction of 0.44 across the three conditions. Previously, we reported a slightly lower Weber fraction of 0.36. In that study the JND was determined between two closely spaced motors, separated by a distance equaling the TPD threshold and using short 100-ms stimulations (5) . When using a single motor we reported a substantially lower Weber fractions of approximately 0.15 (4) . We hypothesize that these lower Weber fractions in our previous experiments are explained by the tasks being less demanding, as they involved only one or two tactors.
False cues and the benefits of using more complex stimuli Differences in the number of activated motors between different gratings could, theoretically, have been used as intensity cue. For example, the number of active motors in the diagonal gratings with bars one motor wide was substantially less than in the principal orientations, because 2 rows of motors were left OFF in oblique gratings to prevent ambiguous stimuli (Fig. 5D ). However, we do not expect subjects used them to their advantage, because these intensity cues were not consistently present between orientations and because subjects did not receive any training or feedback that allowed them to recognize the cues.
In the contrast sensitivity task of the present study, we deployed a paradigm where all 64 motors were initially stimulated at the same abovethreshold intensity (Fig. 6 ). A square with higher intensity was then presented onto the background of prerunning motors. The square then re-adopted the background intensity, after which all motors were simultaneously turned off. This paradigm was introduced to eliminate temporal cues resulting from the fact that motors accelerate faster when they are stimulated at a higher voltage. Because of this characteristic, the target vibration can potentially reach perceptual detection threshold before the background does. In fact, initial JND testing in the current study was performed according to this simultaneous paradigm and one of the subjects reported to be using the onset-latency difference between target and background as a (false) cue to determine where the target square was located. After this anecdotal report we introduced the 1-s delays in stimulus onset and offset as shown in Fig.  6 , and we discarded the first five subjects that were tested with the old paradigm. Indeed, the Weber fractions of those first five discarded subjects (0.33) was approximately 25% lower than in the nine subjects presented here (0.44) that had no access to the false timing cue, which was a significant effect when analyzed with a two-way ANOVA with the two paradigms as between factor (F(2,26) 5 5.3, P < 0.05; stimulation mode as a within-factor was not significant (F(1,13) 5 3.192, P 5 0.1; there was no significant interaction between the factors).
Performance measures of the vibrotactile display
We report an average threshold of 120 mm cycle width, that is, bars of 60 mm wide, corresponding to approximately 3 motors. Effectively the median subject was able to use one third of the electrodes in our display, equaling 3 3 4 motors in our 8 3 12 display. In terms of the available number of discernable contrasts, Weber-Fechner's law (18) can be used to calculate the number of available JNDs from the Weber fractions (5) . The dynamic range of a motor can be determined by the difference between maximum stimulus level of 5 V (4) and the subjective detection threshold (Fig. 7) . Given that interleaving results in lower vibration amplitudes (Figs. 3 and 4) , the dynamic range is smaller too and the number of available JNDs is less. Indeed, we find 13 JNDs when motors were continuously active; 12 JNDs when interleaving at 100/ 100, and 9 JNDs at 100/200. These values correspond to 14, 13, and 10 perceivable "gray levels," respectively. The rate at which information can be transmitted can be estimated using the estimated refresh rate. Assuming an interleaving strategy of 100/100, the refresh rate could be 5 Hz.
These performance measures were obtained in healthy volunteers with a mean age of 30 and they may not be representative of blind people or the elderly. Future assessments whether our prototype can assist in tasks of daily living and orientationand-mobility are needed to verify our results.
Limitations of the study
From a psychophysical point of view, the current study suffers from a number of confounding factors. The coin-type eccentric mass motors used in this study have vibration frequencies that vary with intensity (4), and the vibration intensity in turn is dependent on the load of the motor. We did not investigate what the variability between motors is, most notably the variability in the input (voltage) -output (vibration intensity) characteristic. Further, skin sensitivity may vary across the lower back, and closely spaced motors may yield higher perceived intensities due to summation effects (19) . All these factors could potentially have led to differences in perceived stimulus intensity between areas of the back and/or over time, even when identical driving voltages were used. Subjects may have used alternative cues rather than tactile acuity or intensity cues alone. In the spatial acuity task, not all stimuli had an equal amount of motors active, potentially resulting in intensity cues. When interleaving, subjects may have perceived these stimuli as illusionary perceptions of movement (5) . Qualitative observations were not systematically obtained, but it deserves mention that one of the authors who did not participate in the study proper (HCS), did not notice any apparent motion when interleaving. One specific grating, that is, the one-motor wide upper-left diagonal (Fig. 5D ) when interleaving at 100/200, resulted in a characteristic perception. This was caused by the fact that, unlike the other stimuli, 2 out of 3 frames contained no active motors and this may have resulted in biased answers.
Physiological factors also complicate the interpretation of our data. Firstly, there are four different tactile skin receptors that mediate the sense of touch (20) , and the coin-type motor used in this study may have activated multiple receptor types. In addition, their relative contribution may have varied dependent on the stimulus intensity. Lastly, persistent tactile stimulation may have resulted in receptor adaptation and hence to declining intensity sensation over time (21) . Despite these limitations, the current study is a proof-of-principle that coin motors can be potentially used in a tactile display that allows the wearer to perform visual tasks.
